Investigation of damages of the subgrade slope in combination with its overwetting and rolling stock loading, which significantly affects safety traffic of the railway transport, has been carried out. The complex method of slope stability estimation of the subgrade is developed, which includes calculation of loads and vibration action of rolling stock on the main site of the subgrade, as well as the dynamic model of vibrations propagation in the body of the subgrade embankment and the model of plastic deformations accumulation. Dynamic and nonlinear plastic models are based on a finite-element model of the cross section of the subgrade. The plastic model takes into account the characteristics of soil strength of the subgrade, depending on the area of the vibration load impact. The developed method allows to carry out the estimation of external and internal factors impact on occurrence of subgrade destruction, which is of practical value for safety state estimation of the railway transport.
INTRODUCTION
Railway subgrade embankment is one of the most critical parts of railway infrastructure. The failures in railway embankments require continual maintenance and repair works that leads to enormous maintenance costs, decrease of reliability and availability of railway transportation [1, 2] . Moreover, embankments failures, together with other unfavourable factors can cause the reduction of slope stability and risk of train derailment [3, 4, 5] . The stability of the railway subgrade is simultaneously influenced by a number of factors: maintenance works implementation the state of culverts, atmospheric precipitation, loading of rolling stock. In addition to these factors, the factor of subgrade state is also important due to the heterogeneous geological structure and weak soils of the embankment and the foundation, that is, the presence of the defect subgrade. In assessing the stability of the embankment, it is necessary to determine the contribution of each of the factors to the occurrence of subgrade landslide. A study of moisture values of subgrade construction materials depending on climatic factors is presented in [6] .
The impact of the rolling stock on the stability of the subgrade is both static and dynamic loading of sleepers on the ballast prism and the subgrade. On the one hand, static and dynamic loading leads to the increase of landslide stresses, which, when exceeding the permissible value, causes plastic deformation, and on the other hand, dynamic vibrational loading results in the loss of friction and adhesion between soil particles. The loading of the rolling stock, in its turn, depends on many factors of rolling stock and the track, namely, the speed of movement and others. The influence of rolling stock dynamic loading on railway subgrade and ballast materials is presented in [7] [8] [9] [10] The critical issue is the quantitative assessment of interconnections of the effects of maintenance, state and characteristics of both the subgrade and the superstructure, taking into account rolling stock loading and the state of its running parts [11] [12] . The basis for solving this problem is mathematical modeling of the processes of elastic and irreversible deformations of the subgrade in mutual connection with rolling stock loads on the upper structure of the track. Such formulation of the problem allows to take into account not only the possibility of rolling stock derailment as a result of subgrade subsidence, but also to depict the process of state transition of a railway from operable and working to marginal and non-working. At present, the model of elastic and plastic deformations of the subgrade is most widely used on the basis of the finite element method and the criteria of plasticity of Mohr-Coulomb or Drucker-Prager. Proceeding from practical possibility of obtaining information on soils characteristics and the characteristics of railways subgrade, as well as the necessary of calculations accuracy, the problem of elasticity and plasticity in flat formulation is optimal. In addition to model developing, it is important to take into account the impact of vibration loading of the rolling stock on the mechanical characteristics of soils in the transverse section of the subgrade body.
Along with considered advantages of the models of elastic and plastic deformations of the substructure of the track, there are also a number of shortcomings, that is mathematical complexity of models, the need for the development of specific software for practical application, the need for output for the calculation of the parameters of soil characteristics, which are determined experimentally, although they are not always available. In this regard, it is advisable to consider simpler methods for calculating the borderline state of the subgrade, which, under condition of some uncertainty of background data on soils, can give an answer about potential destruction of the subgrade. Due to the simplicity of these techniques and their possible implementation without the use of specialized software, they can be more widely used in assessing the safety of the railway transport.
The present paper deals with the study of slope of railway embankments under condition of its damage and severe environment and operational loading. For assessing the subgrade stability, the calculation of vertical loading of a sleeper on the ballast that arises during movement of corresponding components of a train with actual speeds in accordance with the existing standard methodology and instructions is carried on. To determine the effect of dynamical vibrational loads on the mechanical properties of soils, it is necessary to calculate the distribution of dynamical displacements of soil points of the embankment, which is performed using the principle of dynamical theory of elasticity. This takes into account vibrational dynamical loading caused by fluctuations of unsprung masses of a train as a result of movement along separate track irregularity, continuous wheel irregularity and the presence of wheel sliders. The solution of the dynamical problem is an iterative solution of a static task with regard inertial forces. As a result of calculation of the impact of dynamical vibrational loading on mechanical properties of soils, the field of distribution of specific adhesion and the angle of internal friction in the cross section of the embankment were obtained, which were taken into account in calculations of plastic deformations later.
Calculation of vertical force action of a sleeper on the ballast during trains traffic
Rolling stock, moving by the railway, transfers dynamic loading on the rails, sleepers, ballast and the subgrade. The acting forces of rolling stock depend on a number of factors, the most important of which are the weight of rolling stock, speed, mechanical characteristics of the suspension and the running gear of rolling stock, geometric state of the railway track and its mechanical characteristics. The vertical forces of rolling stock acting on the track and their distribution in the elements of the track are determined according to the "Rules of calculating railway track strength and stability" being valid for the railways of Ukraine [13] . The distribution of vertical forces from rolling stock to the rails is determined by the methodology of a number of authors [5] [6] [7] [8] .
Calculation of vertical force of a sleeper acting on the ballast consists of two parts: 1) calculation of vertical dynamic loads of rolling stock acting on rails; 2) calculation of vertical forces distribution acting on the elements of the track.
Dynamic loads from a single wheel acting on a rail and from a group of wheels are calculated in accordance with clauses 2.4.1-2.5.4 of the Rules TsP-0117 [13] .
Calculation of impact-vibration loads of rolling stock
This calculation is carried out for determining the distribution of oscillation amplitude A in the subgrade and further evaluating shock-vibration loads impact on strength parameters C dyn and φ dyn for each type of soil of the subgrade.
For this purpose, a developed model of dynamic oscillations of the subgrade in the transverse plane is used. The starting data for calculation are: 1) mechanical properties of soils obtained from the results of geological survey and reference literature: deformation module U, specific gravity m and Poisson coefficient; 2) external vibration loads on the ballast layer at the given speed of rolling stock are taken as a sum of impulses of harmonics of the function:
The resulting dynamic loads on the ballast layer is: 
where dyn s p is the amplitude of the dynamic force of the sleepers on the ballast per 1 running meter of the track, which is calculated in accordance with the Rules [13] The basis for calculating dynamic loads action of rolling stock on the track is the Rules [13] , where the rule of forces superposition is taken into account that includes the calculation of the total effect of all dynamic loads of different periods of oscillation: from 10-50 m with fluctuations of over-sprung mass of a carriage, 3-5 m from unevenness of the railway up to 15-20 cm with separate roughness of rolling stock wheels. For the given calculation, only those oscillation frequencies are important that are relevant to experimental studies of soil vibrational dislocation -11-50 Hz [14] . The component of oscillations of over-sprung structure in formula (1) in the speed range up to 55 km/h corresponds to frequencies of 0.5-2 Hz, so it is not taken into account in the calculation. , cwi T at the speed of 55 km/h for a four-axial freight car on the bogies TsNII-X3-0 and for electric locomotive VL-80s is given in Table 1 .
The calculated values of the components of the dynamic forces and their periods are used to construct the impact vibration load function ( ) F t (1) , which is further used in simulation of oscillations in the subgrade.
The function ( ) F t is presented by one load impulse and, in order to ensure its smooth detailing, such a step of time is chosen that within the period of oscillation there were at least 10 points of calculation. With a multiple reserve, the time discretization is taken to be 0.001 sec. The graph (Fig. 1) shows the change in time of total dynamic loads on the ballast layer at rolling stock speed of 55 km/h. 0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08 0,09 t, сек сила, кН
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Calculation of dynamic fluctuations distribution in the subgrade
For calculation of the impact of shock-vibration loads of rolling stock on the propagation of dynamic oscillations in the subgrade, a finite-element model is used. According to this model, the transverse section of the subgrade (Fig.  2) is divided into separate elements, whose properties correspond to one or another type of soil in accordance with the papers of geological research. The division into finite elements is carried out with the aim of detailed description of separate zones of the cross-section with different soil properties. To increase calculating accuracy the slope zone from the side of possible soil sliding, is divided into smaller finite elements. In order to provide an acceptable calculation time and, taking into account the available computer resources, the size of finite elements in the depth of the embankment is enlarged. The scheme of finite elements distribution in the cross section of the embankment and its constituent soils are shown in Fig. 3 . The total number of quadrangular 8-node elements is 687, the total number of nodes of the elements is 2196. Estimated external dynamic loading from the sleeper is taken as distributed into nodes 12, 13, 18, 19, 24, 25, 3 0, 31, 36, 37, 42, 43, 48, 49 and 54.
The geometrical characteristics of the transverse profile and soil properties of the subgrade should be taken according to geological survey data. For this calculation it is assumed that the body of the embankment consists of the following soils: Soil 1. Base of the embankment: clay of dense consistency and semi-solid consistency with the following characteristics: soil density -17,8 kN/m 3 ; deformation module U -16 MPa; yield index (consistency) L I -0.08; plasticity number p I -0.27. The internal friction angle  -16 ° and the specific adhesion c -36 kPa are taken in accordance with [14, 16] regarding yield index and plasticity number. Soil 2. Body of the embankment: loam with clay layers, with consistency from semisolid to mild plasticity with the following characteristics: soil density m -17,5 kN/m 3 ; number of plasticity p I -0.14; yield index (consistency) L I -0.28. The internal friction angle  is 22° and the specific adhesion c -25 kPa taken with regard [15, 16] according to yield index and plasticity number. Deformation module is adopted according to [9] and is confirmed by a number of sources [17, 18] [15, [18] [19] [20] classified SI, SU, SW; internal friction angle  -28-35°, accepted  -32° and density m -18.0 kN/m 3 (in the state of natural humidity); deformation module can vary within 18-50 MPa (in the loose state), taken U -30 MPa; specific adhesion -2-4 kPa, accepted c -2 kPa. Soil 5. Ballast: crushed stone ballast. Characteristics are taken in accordance with reference literature and regulatory documents, taking into account the fact that crushed stone ballast is in compressed state and without contaminants with regard to [19, 20] . According to GE classification, the angle of internal friction  = 37-65º, accepted  =63º (for sub-ballast layer  =58º) and density m =20,0 kN / m 3 ; deformation module can vary within 150-300 MPa (in the loose state), accepted U =150 MPa; the characteristic of specific clutch in crushed stone is absent, but this material has a similar property of another nature, that is spike-tooth adhesion, which is 0.8-0.92 kPa and accepted c =0.9 kPa (for subballast layer c =0.5 kPa).
Possible distribution scheme of soils in the transverse section of the embankment is shown in Fig. 4 . To simulate the passage of dynamic oscillations in the transverse section of the embankment, a time interval of 0-0.2 seconds is chosen that corresponds to several periods of oscillation at each point of the cross section of the embankment. It is not expedient to perform calculations over a longer period of time, since the greatest interest in the study is the maximum values of amplitudes of oscillations, and after the first periods of oscillation, their attenuation occurs. Fig. 5 shows variations of dynamic displacement of the points of the subgrade at a different depth below the middle part of the sleeper in the interval of 0.2 seconds after the start of dynamic loads application. The calculation is based on the developed software. Fig. 6 shows distribution of oscillations amplitudes of soil points dynamic movement in the cross section of the subgrade. The graph shows that the largest amplitudes of oscillations reach 110 mkm and are at the point of dynamic loads application from the sleeper. At the same time amplitudes of oscillations quickly fade in depth starting from the surface of the subgrade and along the slopes. 
Method of elastic and plastic deformations of the subgrade body, taking into account the impact of vibro-loading and moisture on mechanical properties of soils

Calculation of soil strength characteristics of the subgrade, taking into account vibro-dynamic impact of rolling stock.
Under the action of vibrational dynamic loads of rolling stock, there is a significant reduction in the value of subgrade soils bearing capacity. To evaluate the impact of vibrational dynamic action of rolling stock on the characteristics of soil strength, the technique developed by the scientists of PSURT Prokudin I.V., Kolos A.F., and others is used and approved by the Ministry of Railways of the Russian Federation for the assessment of the quality of the railway track base [20] . This technique is the basis of many modern studies of the subgrade stability [21, 22] . According to it, and in order to evaluate the effect of vibrational dynamic action on soil deformative and strength characteristics, the indices of relative reduction of specific adhesion and the angle of internal friction of the soil are used, which are determined in parts or percentages by the formulas: The most important factors affecting soils strength are soil moisture, its density, the magnitude of stresses pulsation or the amplitude of oscillations, soil deformation to vibro-dynamic effect and stressed state of the subgrade soil. Patterns of clutch change, angle of internal friction and deformation module with increasing vibro-dynamic impact are the main factors that determine the state and ability of soils to resist external loads.
Taking into account the proportional dependence of oscillations amplitudes on voltage pulsation, the law of strength change and deformation characteristics, the magnitude of soils oscillation amplitudes is described by the following formulas:
where, c K , c K  , K  , K   are limiting values of relative decline of characteristics that determine soil deformation to vibro-dynamic loads; K , K  are coefficients of vibrational destruction and vibrational deformation; A is the resulting amplitude of oscillation, at which the characteristics are determined; n A is an initial amplitude of oscillations, at which the reduction of characteristics does not exceed 3-5%.
The study of soils of different composition and state with the largest volumetric mass obtained at standard soil consolidation with the humidity that is different from the optimum one, allowed to reveal the values of characteristics reduction, their correlation, coefficients of vibrational destruction and vibrational deformation, as well as initial amplitudes. The data about them are shown in Table 2 .
To calculate the parameters dyn С and dyn  for each soil of the subgrade and their distribution within its crosssection, the computation of the distribution of the resulting amplitude of oscillations A in the subgrade is made using the developed model of dynamic oscillations of the subgrade in the transverse plane. Dynamic loads on the ballast layer from rolling stock are determined according to the TsP-0117 [19] being valid for the railways of Ukraine taking into account the main factors of vibrational loads. Table 2 . Indices of soil characteristics decline [14] Indices Name of the soil and its consistency Clays with I L Loam with I L Sandy loam 0-0,15 0,15-0,45 0,45 0-0,15 0,15-0,45 0,45 solid plastic K с 0,15 0,55 0,13 0,2 0,5 0,15 0,1 0,60 К' c 0,85 0,45 0,87 0,80 0,50 0,85 0,90 0,4 К φ 0,09 0,45 0,10 0,10 0,40 0,08 0,07 0,4 К' φ 0,81 0,55 0,90 0,90 0,60 0,92 0,93 0,60 К' 0,005 0,01 0,015 0,006 0,011 0,02 0,006 0,025 К 0,01 0,012 0,018 0,008 0,012 0,015 0,007 0,02 А н 10 15 0 15 20 0 10 20 Fig. 7 and Fig. 8 show the results of calculations of distribution parameters dyn С and dyn  taking into account vibrational impact. Charts in Fig. 7 and Fig. 8 show that a significant vibrational dissociation occurs in the distribution of the angle of internal friction, namely in the body of the embankment made of loam and ballast plume, which are close to the zone of vibration loads application. Vibrational loads have also an impact on the reduction of specific adhesion in the loam of the body of the embankment.
Example of calculation of the railway track stability under the impact of adverse operational, hydrometeorological conditions and its elements damage.
Calculations of plastic deformations of the embankment of the subgrade
The displacement of the slope of the subgrade can be influenced by a number of factors in their mutual combination:
Factor 1. Low safety margin of the existing subgrade, due to the presence of inhomogeneous and weak soils in its composition (gravity loads, constant factor).
Factor 2. Dynamic loading of rolling stock, which depends on the type and speed of trains, running gear of rolling stock, geometrical state of the track, etc.
Factor 3. Reduced soils strength due to their humidification by short intense atmospheric precipitation.
Factor 4. Dismantling of a part of holding elements of the subgrade and the embankment during replacement of a pipe culvert by a repair crew.
To determine the degree of impact of these factors separately and in a mutual combination, it is necessary to make calculations of the coefficient of stability of the slope according to the developed model of deformation of the subgrade in all possible combinations, as shown in Table 3 .
Thus, there are only 8 cases of calculating the stability of the subgrade: 1. In the absence of loads of rolling stock, atmospheric precipitation and repair works; 2. Under the impact of rolling stock without atmospheric precipitation and repair works; 3. Under the impact of atmospheric precipitation without trains traffic and repair works; 4. Under repair works performance without atmospheric precipitation and trains traffic; 5. Under the impact of rolling stock and atmospheric precipitation without repair works; 6. Under the impact of rolling stock and repair works without atmospheric precipitation; 7. Under repair works performance without atmospheric precipitation and trains traffic; 8. Under the impact of rolling stock, repair works and atmospheric precipitation. It is known from the geological section of the subgrade that from the side, where the slope of the subgrade has occurred, there is a ballast plume (Soil 4) with a thickness up to 1 m ( Fig. 9 ). Proceeding from this, we can assume that there was a significant moisture of upper drainage soils of the embankment, namely Soils 3-5. It is known from a number of sources that soil moisture significantly reduces their strength characteristics [23, 24, 25] , namely, sliding characteristics: specific adhesion st C and the angle of internal friction st  ( ( ) 
We accept extreme lower limits for lowering landslide characteristics of soils: 0.5 for specific clutch and 0.75 for the angle of internal friction, respectively. 
Calculation of stability when performing repair works and under the impact of adverse factors
When performing subgrade dismantling for the distance of 11.75 m from the axis of the unpaired track without atmospheric precipitation, without trains traffic and the coefficient of parameters change of sliding strength less than 1.18 is the attenuation of intensity of average subsidence (red line in Fig. 10 ) to 2 mm. At higher values of the coefficient there is a gradual increase in subsidence rate, that is, the destruction of the subgrade, in this case, will be gradual ( Fig. 11, 12 ). Coefficient of stability of the embankment k у =1.18 is adopted.
The results of determining stability coefficients for various combinations of factors impact are summarized in Comparative Table 4 . Analysis of the influence of repair works and precipitation on the strength of the subgrade.
The results of the study show that the subgrade of the embankment under the impact of rolling stock at the speed of 55 km/h and without intensive moistening, has a safety margin against rapid loss of stability of 1.45.
When dampening the upper drainage layers of the subgrade with storm atmospheric waters, the safety margin against rapid loss of resistance decreases to 1.36, although, at the same time, there are slow deformations that do not threaten safety traffic. When disassembling the subgrade at a distance of 11.75 m from the axis of the track and absence of a heavy shower, the subgrade is in the near-crucial state without a stock of stability.
Calculations show that with significant moisture and disassembled subgrade to a distance of 11.75 m from the axis of the track, the embankment is in the stable state with a stock of stability of 1.1, but in case of atmospheric precipitation, the embankment has a coefficient of stability equal to 0.98, that is, it is in an unstable state.
Thus, considering the influence of each of the factors separately, it can be seen that the effect of factor 4 (disassembly of the subgrade) is the largest and reduces the resistance by 44 %, factor 2 (rolling stock) reduces the resistance by 31 %, and factor 3 (storm atmospheric precipitation) has the least impact -about 3 %.
Considering the effect of factor 3 (storm atmospheric precipitation) and factor 4 (disassembly of the subgrade) and excluding the impact of factor 2 (rolling stock), it can be stated that storm atmospheric precipitation caused 6 % decrease in stability, and disassembly of the subgrades caused 32 % of decrease in the stability of the subgrade.
CONCLUSIONS
The vibrational loading impacts the reduction of specific adhesion and the internal friction angle of the body of the embankment of the railway track.
When dampening the upper drainage layers of the subgrade with storm atmospheric precipitation, the safety margin against rapid loss of resistance decreases to 1.36, which does not endanger safety traffic.
Calculations show that in the disassembled subgrade to a distance of 11.75 m from the axis of the track the embankment is in the stable state with a stability reserve of 1.1, but in case of atmospheric precipitation the embankment has the coefficient of stability equal to 0.98, that is, it is in an unstable state.
The analysis of the influence of each of the factors separately, shows that the influence of subgrade dismantling is the largest, and it reduces the resistance by 44%, the impact of rolling stock reduces the stability of the subgrade by 31 %, and the impact of atmospheric precipitation is about 3 %. Considering the effect of storm atmospheric precipitation and dismantling of the subgrade, and excluding the impact of rolling stock, it can be stated that the storm atmospheric precipitation caused 6 % decrease in the stability of the subgrade, and the dismantling of subgrades caused 32 % resistance decrease.
